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Abstract 
Solid fuel chemical-looping combustion was investigated in a 10 kWth combustor using petroleum coke as fuel and 
ilmenite as oxygen carrier. Testing involved operational parameters variations, such as particle circulation, 
fluidizing velocities, fuel load and fuel reactor temperature. 
    Key parameters indicating the performance include CO2 capture, solid fuel and gas conversions from the fuel 
reactor. The CO2 capture averaged at 75%, the solid fuel conversion at 65-70% while incomplete gas conversion led 
to an oxygen demand averaging at 29-30%, due to presence of CH4, CO, H2 and H2S. Effect of fuel reactor 
temperature on the solid fuel conversion was verified. 
 
© 2008 Elsevier B.V
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1. Introduction 
Chemical-looping combustion (CLC) is an innovative combustion technology for heat and power production with 
inherent CO2 capture. In the CLC process, the CO2 produced in the combustion chamber is never mixed with the air 
nitrogen. Instead, a circulating metal oxide is used as the oxygen carrier providing the oxygen needed for the 
combustion directly to the fuel, avoiding the presence of nitrogen in the exhaust flue gas, see Fig. 1. 
                                                                                            
 
 
 
 
Proximate analysis  Ultimate analysis  
Moisture (wt%) 1.09 C (wt%) 84.93 H (wt%) 3.41 
Ash (wt%) 1.83 S (wt%) 6.59 N (wt%) 1.66 
Volatiles (wt%) 9.91 O (wt%) 0.49 Hi (MJ/kg) 32.96 
Air 
reactor 
Fuel 
reactor 
MexOy 
MexOy-1 Air Fuel 
N2 CO2 H2O 
 
O2 
Fig. 1: Schematic picture of the CLC process Table 1: Pet coke analysis 
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The oxidation of the oxygen carrier takes place in the so called air reactor (AR) while it is reduced in the fuel reactor 
(FR). MexOy/MexOy-1 are the symbols used in this paper for the oxidized/reduced form of the oxygen carrier. Thus, 
the general reaction between the fuel and the metal oxide, often endothermic, reads:  
                                  ( ) ( ) 2212 22 nCOOHmOMemnHCOMemn yxmnyx +++→++ −                              (1) 
while the exothermic oxygen carrier oxidation in AR is: 
                                                         
yxyx OMeOOMe →+− 21 2
1                                                                         (2) 
In FR, CO2 and H2O are produced but these are never mixed with the air nitrogen as is the case in normal 
combustion with air. By condensing the steam, almost pure CO2 can be obtained. At the outlet of AR, the flue gas 
contains nitrogen and some unused oxygen. The total amount of heat resulting from reactions (1) and (2) is the same 
as for a normal combustion where the fuel is in direct contact with the air oxygen. 
 
For solid fuels, the volatile compounds can still react according to reaction (1). However, since any solid-solid 
reaction between the oxygen carrier and the remaining char fraction cannot be expected to take place, the char needs 
to be gasified using steam or CO2 according to equation (3):  
                                                  COHCOCOOHC // 222 +→+                                                                    (3) 
The synthesis gases H2 and CO can then react according to reaction (4):  
                                               
1222 // −+→+ yxyx OMeOHCOOMeHCO                                                         (4) 
With solid fuels, two types of particles are present in the combustion chamber of FR and the oxygen carrier must not 
only convert the volatiles but also the syngases resulting from the gasification of the remaining char. This involves 
important issues to consider when dealing with solid fuel CLC. The key performance criteria are: 
• the solid fuel conversion in FR, i.e. the conversion of char. This is strongly dependent on the fuel reactivity 
together with the separation efficiency of the FR cyclone in the internal recirculation loop 
• the carbon capture of the system, here the loss is defined as the amount of unburnt carbon which enters and 
burns in AR divided by to the total gaseous carbon exiting the reactor system. Thus, high carbon capture is 
synonym with small loss of carbon in the solids flow from FR to AR 
• the gas conversion in FR, i.e. the oxidation of volatiles and syngases in contact with the oxygen carrier in 
FR  
2. Experimental 
The experimental results were obtained on a 10 kWth sold fuel CLC combustor. The unit and the reactor system are 
described in detail in two previous publications presenting tests with ilmenite and the two fuels bituminous coal and 
pet coke [1,2]. FR is divided in three main chambers: the larger low velocity section LOVEL, the carbon stripper CS 
and the high velocity section HIVEL. These notations are used in the following. The operating conditions were the 
following: a fuel flow ranging from 655 g/h to 1090 g/h, corresponding to a thermal power of approximately 6 to 10 
kW. The temperature in FR was most often kept to 950°C but was increased up to 1000 °C during the fourth test. 
The temperature in AR ranged between 800 and 950°C for the experiments. Changes in the fluidization velocity of 
HIVEL and the particle circulation were made; the latter being achieved by change in AR fluidizing flow. 
 
The oxygen carrier used is ilmenite, which contains iron titanium oxide FeTiO3 with a pureness of 94.3%. It has a 
density of 2100 kg/m3 and 92% has a size ranging from 90 to 250 μm. The fuel is a Mexican petroleum coke with a 
heating value Hi of 32.96 MJ/kg, a cut diameter (D50) of 100 μm and the composition given in Table 1. Note its 
rather high sulphur content of 6.6%. 
3. Data Evaluation 
The purpose of the data evaluation is to indicate the performance with respect to the key issues mentioned above. 
During operation, the temperatures in AR and FR are monitored as well as the important pressure drops in the 
system and the fluidizing gas flows in the different chambers. In addition, online gas analysis allows measuring the 
(O2), (CO2) and (CO) concentrations from both reactors. From FR, the (CH4) and (SO2) concentrations are also 
measured and gas chromatograph sampling gives (H2). From the fuel composition and the total concentration of 
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carbon containing gases from FR, the total concentration of the sulphur containing gases, (SO2) plus (H2S), is 
calculated, assuming the S/C ratio is the same in the gas leaving FR as in the fresh fuel. (H2S) can be deduced 
knowing the measured (SO2). 
 
The oxygen demand, ΩOD , is the fraction of oxygen lacking to achieve a complete combustion of the carbon 
containing gases leaving FR, and is given by equation (5) below, where ΦO,theor is the ratio of moles of O2 needed for 
combustion and moles of C in the fuel:     
                                                                         ( ) ( ) ( ) ( )
( ) ( ) ( )[ ]42,
224 5.15.025.0
CHCOCO
SHHCHCO
theorO
OD
++⋅Φ
⋅+⋅+⋅+⋅
=Ω              (5)        
 
The circulation index CI, expressed in (kPa×L/min) is a qualitative measure of the particle circulation and is defined 
by the pressure drop measured between pressure taps located at the riser entrance and outlet multiplied by the actual 
gas volume flow in the air reactor outlet, i.e. corrected for oxygen consumed and measured temperature in the air 
reactor:                                                                 
273
273
,
+
⋅⋅Δ= ARoutARRISER
TFPCI                                       (6) 
 
The “oxide oxygen fraction” denoted ηOO is a way of evaluating the carbon capture efficiency. This number is 
defined by the amount of oxygen used for oxidizing the oxide FO,AR in AR divided by the sum of that used for 
oxidizing both char FC,AR and oxide FO,AR  in AR. It reads: 
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Note that ηOO is only dependent on the gas concentrations measured in the AR outlet which eliminates any 
uncertainties due to flows, and thus any error would only be associated with the gas concentration measurements.  
 
The total solid fuel conversion ηSF can be derived from total oxygen consumed, lacking oxygen in FR and FO,FUEL 
i.e. oxygen needed to fully convert the carbon introduced with the given fuel feed: 
 
                                                                     ( )
FUELO
ODOOARtotO
SF F
F
,
, 1 Ω⋅+⋅
=
ηη                                                     (8) 
The evaluation of the mass balances of oxygen and carbon is detailed in [1,2]. 
4. Results and Discussion 
Five tests were performed under a total of 26 h. Four of them, totalizing 20 h of stable operation, were chosen to be 
presented in this paper. No difficulties inherent to the process itself were observed. For the figures presented in this 
section, time 0 corresponds to the start of fuel feed and the small triangles above the X-axis delimit test periods with 
different operating conditions. Note that the fuel feed slowly decreases with time during every test, and is directly 
related to the remaining amount of pet coke in the fuel feeder bin. Proper correlation between initial calibrated flow 
and methane concentrations allows determining the exact fuel feed throughout an experiment. This was always 
taken into account in the data evaluations. In this paper, Ctot refers to the total concentration of carbon containing 
species at the FR outlet, i.e. CO2, CO, and CH4. Higher hydrocarbons concentrations are negligible for the tests 
presented in this paper, see detailed discussion in [1]. 
 
Important parameters to assess the quality of the test results in relationship with the key issues in section 1 are:  
• the CO2/CO and SO2/Ctot ratios in the flue gas of the FR outlet. They should be as high as possible 
meaning high conversion degrees of CO to CO2 and H2S to SO2 
• the oxygen demand, ΩOD in equation (5) , indicating the oxygen lacking to fully convert the gases from 
FR; this value should be as low as possible 
• the CO2 capture, showing whether the fuel has sufficient residence time in FR to be fully converted, and 
expressed by ηOO in equation (7) 
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• the solid fuel conversion, defined as ηSF in equation (8) 
 
 
First test 
 
The first test involved 6 h of stable operation. The fuel addition corresponds to 6 kWth. Within the first 30 min, the 
fluidization of CS was increased from 4 to 10 Ln/min. In the meantime, circulation between AR and FR was also 
increased by augmenting the AR fluidization from 120 to 145 Ln/min. For the remaining test duration, no changes in 
operation were made. Fig. 2 gives the results obtained: 
 
 
 
 
The CO2/CO ratio quickly reached 8 to stabilize at 9.5 after approximately 2 h and the CO2 capture stabilized at 
70%. The oxygen demand slowly decreased from 33 to 29% indicating that the gas conversion was slowly 
increasing during the test. The solid fuel conversion ηSF, according to equation (8), averaged at 64%, which was 
approximately equal to the conversion as determined by recovery of elutriated char in the water seal, 62%. 
 
 
Second test 
 
This test involved five and a half hours of stable operation. Parameter changes involved particle circulation, i.e. AR 
fluidization, and changes in HIVEL fluidization. Moreover, the fuel feed was increased from a corresponding 
thermal power of 6 to 8 kW. Stable conditions were reached approximately 40 min after fuel feed start. The 
temperature in the AR varied between 910 to 940 °C while the temperature in the FR was stable at 950 °C during 
the test duration. This run was divided into 7 test periods, summarized in Table 2 below:           
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Fig. 2: CO2/CO ratio, CO2 capture ηOO, 
solid fuel conversion ηSF  and oxygen 
demand ΩOD  for the first test 
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Fig. 3 presents the CO2/CO and SO2/Ctot ratios, the oxygen demand, the solid fuel conversion and the CO2 capture. 
 
The CO2/CO ratio rapidly stabilizes after start of the fuel feed and increases slowly between test periods 1 and 6 
from around 9.5 to 10.2, see Fig. 3. This is not a significant improvement. Thus, modifications in the particle 
circulation and HIVEL operation did not lead to a conclusive influence on the CO2/CO ratio. However, increase in 
the fuel feed in test period 7 led to an initial decrease in CO2/CO to 8.5, but earlier values were quickly reached. 
The SO2/Ctot ratio varied somewhat, but probably not as an effect of parameter changes, except for increased fuel 
feed in test period 7 which led to a decrease of SO2/Ctot. 
 
Recovery of elutriated char indicated a solid fuel conversion of 72%, which is not far from 64%, according to 
equation (8). Table 3 below shows the important results obtained for the second test. 
 
To summarize the results of test 2, they do not really show any indication of an effect of the changes in HIVEL 
fluidization. There are some variations seen in CO2/CO, oxygen demand, and SO2/Ctot, but they do not seem to be 
correlated with the changes in HIVEL fluidization.  
Moreover, the change in circulation did not give any clear effects on the fuel conversion, but the CO2 capture 
dropped somewhat as would be expected. The increase in fuel addition, i.e. thermal power, clearly gave lower gas 
conversion but only initially. Interestingly, it had a lasting effect on SO2/Ctot. 
 
 
Test period 1 2 3 4 5 6 7 
CI ~ 100 ~ 200 
HIVEL (m/s) 0.11 0.17 0.23 0.28 0.11 
Power (kWth) 6 8 
ΩOD (%) 28 29-30 29   to   26 32 
CO2 capt. (%) 83 75 72 
ηSF (%) Average 64% Initial decrease 
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Fig. 3: CO2/CO and SO2/Ctot ratios, CO2 capture ηOO, solid fuel conversion 
ηSF  and oxygen demand ΩOD  for the second test 
 
Table 3: Summary of the results for the second test 
Table 2: Second test: different operating 
conditions for the 7 test periods: AR and 
HIVEL in Ln/min, thermal power in 
kW 
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Third test 
 
The third test involved 4 h of stable operation. During this test, TFR was stable at 950 °C. This experiment was 
divided into two test periods. In test period 1, the circulation was set to a corresponding AR fluidization of 130 
Ln/min. In test period 2, the fuel feed was increased from 6 to 10 kWth. Fig. 4 below summarizes the results 
obtained: 
 
 
 
For test period 1, the CO2/CO ratio stabilized at 8.5 while the CO2 capture increased and stabilized to 84%. The 
oxygen demand slowly stabilized at 30%. The SO2/Ctot ratio decreased during test period 1. For test period 2, the 
increase in fuel feed led to a rapid decrease in the CO2/CO and SO2/Ctot ratios but earlier values were reached within 
15-20 min. However, both ratios gradually fell during test period 2. The CO2 capture also decreased and stabilized at 
approximately 80%. Meanwhile, the oxygen demand initially increased to stabilize at 32%. Solid fuel conversion 
based on char recovery gave 60%, compared to an average of 55% according to equation (8), see Fig. 4. 
 
To summarize the third test, the substantial increase in the fuel resulted in poorer conversion of the gas from FR, as 
indicated by CO2/CO, the oxygen demand and SO2/Ctot. This is not surprising, as no attempts were made to increase 
particle circulation to compensate for the increased fuel flow. Interestingly, the SO2/Ctot ratio seems to be more 
sensitive to the lowering of available oxide oxygen in FR. 
 
Fourth test  
 
The fourth test involved 5 hours of stable operation. This test is interesting not because it worked well, but rather 
because it showed operational results associated with a FR not working properly. Already at the start, it was evident 
that it was not possible to reach the normal levels of CO2/CO and SO2/Ctot ratios and oxygen demand, even though 
the circulation was increased to high numbers. The explanation was found after opening of FR: one of the LOVEL 
chambers had not been properly fluidized due to a hole in one of the porous plates by which it is fluidized, meaning 
that a certain amount of the oxygen carrier could not play an active role in the gas conversions. The improper 
fluidization was also clearly indicated by agglomeration of a part of the bed, not surprising in view of the long 
period of operation under these conditions: nearly 11 hours including test 5 mentioned below. 
 
TFR was 950 °C at the start and the fuel load corresponded to a thermal power of 6 kW. During this experiment, 
changes on the particle circulation, the steam fluidization velocity of LOVEL and TFR were made, giving five test 
periods, summarized in Table 4. Fig. 5 below shows the results obtained for this test: 
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For test period 1, the CO2/CO ratio rapidly increased from the fuel feed start but only reached 3.5 which is 
significantly lower than what was observed in the previous test. The ratio even decreased during test period 1 to 
approximately 2.3. The SO2/Ctot ratio almost decreased to 0 during test periods 2 and 3, while the oxygen demand 
averaged at a high 37%. The CO2 capture quickly reached 72% and fell to 66% when the circulation was increased 
at the beginning of test period 2.  
     Increasing the steam flow fluidizing LOVEL at the beginning of test period 4 led to a rapid increase in the 
CO2/CO ratio up to 5 as well as an increase in SO2/Ctot. This should be due to a better mixing between the fuel and 
ilmenite particles in LOVEL, somewhat compensating improper fluidization. 
For test period 5, TFR was increased in one step to 1000 °C from an initial 950 °C. The endothermic gasification 
reactions described in equation (3) were enhanced, leading to a higher char conversion in FR. As a consequence, the 
CO2 capture rapidly increased and reached 78% at the end of the experiment when the fuel feed was shut down.  
During test period 5, the oxygen demand decreased to approximately 27%. 
     For this test, despite the lower gas conversion in FR due to the reason mentioned above, the positive effect of a 
temperature increase in the CO2 capture was shown. This was also confirmed by test 5, not presented in detail in this 
paper because the operating conditions and results were similar to test 4. Test 5 was operated at TFR=1000 °C for 5 
hours, also leading to a better CO2 capture. The average solid fuel conversion for this test period reached a high 
75%. Comparing to the 68% based on char recovery in the water seal, this suggests a rather good fulfilment of the 
carbon mass balance. 
 
To summarize the results of test 4, they clearly indicate the sensitivity of the SO2/Ctot ratio to the conditions in FR. 
This is also in line with the results in tests 2 and 3. This suggests that measurements of SO2 might be a good way to 
control and monitor the operation of FR, e.g. whether the particle circulation is sufficient or not. Moreover, the 
effect of increasing TFR seems to be only positive, and both CO2 capture and solid fuel conversion were improved. 
The gas conversion also seemed to improve, although the rather special test conditions do not really allow for any 
safe conclusions here. Despite the malfunction in FR fluidization, the system was still possible to operate, albeit 
with poorer performance. Moreover, it was even possible to operate the system with good circulation for hours at the 
high temperature of 1000 °C. 
 
Discussion 
 
There are three key issues for the performance: CO2 capture, solid fuel conversion and gas conversion from FR. 
These have already been discussed in detail in previous publications, and there is clearly good possibilities to 
increase performance [1,2]. 
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Thus, i) the CO2 capture can be increased by raising the residence time in FR, and/or by addition of a carbon 
stripper, ii) the solid fuel conversion can be increased by a better particle recovery in the FR cyclone and iii) the gas 
conversion from FR can be improved by better mixing and contact between the gas produced by fuel particles and 
oxygen carrier. Even with improvements, it would be difficult to reach complete gas conversion, and an oxygen-
polishing step is anticipated to reach full oxidation of the gas flow. 
 
The results obtained in this study are consistent with and confirm previous work with respect to performance. The 
oxygen demand is higher in this study, mostly because H2S has been included, which has a quite significant effect 
because of the high sulphur content of the fuel. 
Moreover, the present results show the absence of an effect of HIVEL fluidization, and the beneficial effects of 
increasing circulation and FR temperature. The results also show how the system responds to increased thermal 
power. A new aspect is that SO2 is measured, which gives a more correct estimation of the oxygen demand, but also 
seems to provide a sensitive means for monitoring the conditions in FR. 
5. Conclusions 
• A chemical-looping combustor was run for a total of over 26 h under stable conditions using a 
Mexican pet coke as the fuel. 
• The CO2 capture ranged from 65 to 82%. These rather low values are principally due to the low 
reactivity of the fuel. Thus, the residence time of the circulating particles in the fuel reactor was not 
sufficient to reach high CO2 capture for this fuel. The effect of particle circulation on CO2 capture was 
verified during the tests. 
• The oxygen demand varied from 26 to 37% but averaged at 29-30%. A downstream “oxygen 
polishing” step, or a better FR design providing a better contact between the gas released from the fuel 
and the oxygen carrier particles is likely to improve the gas conversion. 
• The solid fuel conversion usually varied between 60 to 75% due to the low reactivity of the fuel in 
combination with poor separation performance of the FR cyclone. 
• HIVEL operation has no effect on the performance. 
• Effect of the fuel load on the solid fuel conversion, the CO2 capture and gas conversion was verified. 
• Effect of FR temperature on the carbon capture and the solid fuel conversion was verified, with higher 
temperature yielding higher values for both. 
• SO2 measurement appears to be a good means for monitoring the conditions in the fuel reactor 
6. Acronyms and Notations 
AR, FR, CLC, CI         Air Reactor, Fuel Reactor, Chemical-Looping Combustion, Circulation Index (kPa×Ln/min)                   
FC,AR/FC,FR                    flow of carbon containing species leaving AR/FR  (Ln/min) 
FO,AR, FO,ARtot                flow of O2 used to oxidize the metal oxide, total flow of O2 consumed in AR (Ln/min) 
FAR,in/ FAR,out                 total gas flow at the inlet/outlet of AR (Ln/min) 
FO,FUEL                          flow of oxygen required to convert the carbon added in the fuel flow (Ln/min) 
TAR/ TFR                        temperatures in AR/ FR (°C) 
ηOO / ηSF / ΦO,theor         CO2 capt. /solid fuel conv. /ratio of moles O2 needed for combustion and moles C in the fuel 
ΔPi-j, ΩOD                      pressure difference between pressure taps number i and j (kPa), Oxygen Demand                           
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